We have studied spin excitations in nanosized magnetic films in the Heisenberg model with magnetic dipole and exchange interactions by the spin operator diagram technique. Dispersion relations of spin waves in thin magnetic films (in two-dimensional magnetic monolayers and in two-layer magnetic films) and the spin-wave resonance spectrum in Nlayer structures are found. For thick magnetic films generalized Landau-Lifshitz equations are derived from first principles. Landau-Lifshitz equations have the integral (pseudodifferential) form, but not differential one. Spin excitations are determined by simultaneous solution of the Landau-Lifshitz equations and the equation for the magnetostatic potential. For normal magnetized ferromagnetic films the spin wave damping has been calculated in the one-loop approximation for a diagram expansion of the Green functions at low temperature. In thick magnetic films the magnetic dipole interaction makes a major contribution to the relaxation of long-wavelength spin waves. Thin films have a region of low relaxation of long-wavelength spin waves. In thin magnetic films four-spin-wave processes take place and the exchange interaction makes a major contribution to the damping. It is found that the damping of spin waves propagating in magnetic monolayer is proportional to the quadratic dependence on the temperature and is very low for spin waves with small wavevectors. Spin-wave devices on the base of nanosized magnetic films are proposedtunable narrow-band spin-wave filters with high quality at the microwave frequency range and field-effect transistor (FET) structures contained nanosized magnetic films under the gate electrode. Spin-wave resonances in nanosized magnetic films can be used to construct FET structures operating in Gigahertz and Terahertz frequency bands. 
Introduction
Nanosized magnetic films are of great interest due to their perspective applications in spin-wave devices. At present, the most important spin waves -microwave filters, delay lines, signal-tonoise enhancers, and optical signal processors have been realized on the base of magnetic films of microwave thickness [1, 2, 3] . Nanosized films give us opportunity to construct spin-wave devices of small sizes and to design devices with new functional properties. Recently new applications of spin waves have been proposed -spin-wave computing [4, 5] , spin-wave filtering using width-modulated nanostrip waveguides [6] , and transmission of electrical signals by spinwave interconversion in an insulator garnet Y 3 Fe 5 O 12 (YIG) film based on the spin-Hall effect [7] . Spin-wave logic elements have been done on the base of a Mach-Zehnder-type interferometer [6, 8, 9] and can be realized on magnonic crystals [5] . Using nanosized magnetic films, we have probability to construct array of logic elements of small sizes.
In order to design new spin-wave devices based on nanosized magnetic films, it is necessary to determine the dispersion relations and damping of spin excitations in nanosized films. In the phenomenological model with the magnetic dipole interaction (MDI) and the exchange interaction [10, 11, 12, 13] the magnetization dynamics in thick magnetic films is described by the Landau-Lifshitz equations, which are differential with respect to spatial variables. The differential form of equations is postulated. In this connection, the following question arises: is this form of Landau-Lifshitz equations correct for nanosized films? Determination of the dispersion relations depends on the answer of this question. In phenomenological models the spin-wave damping is described by relaxation terms in Gilbert, Landau-Lifshitz, or Bloch forms [13] . Properties of intrinsic relaxation processes are not taken into account in these terms and, therefore, the calculated spin-wave damping may be incorrect. The above-mentioned leads us to the main question of the paper: what are the dispersion relations and damping of spin waves in nanosized films and can they be derived from first principles? In order to answer this question, we develop the Heisenberg model with the MDI and the exchange interaction. In the framework of this model we consider spin excitations in nanosized films, relaxation of spin waves, and generalize Landau-Lifshitz equations.
The above-mentioned problems have not yet been investigated comprehensively. One of the cause of these problems is the long-range action of the MDI. The spin-wave relaxation and the spin-wave dynamics become dependent on the dimensions and shapes of ferromagnetic samples. In order to analyze the Heisenberg model with the MDI and the exchange interaction we use the spin operator diagram technique [14, 15, 16, 17, 18] . Advantages of the spin operator diagram technique are: the opportunity to calculate the spin wave damping at high temperatures and more exact relationships describing spin-wave scattering and excitations in comparison with methods based on diagram techniques for creation and annihilation magnon Bose operators [19, 20, 21, 22, 23, 24, 25, 26, 27] . In [18, 28] the spin operator diagram technique is generalized for models with arbitrary internal Lie-group dynamics.
In section 2 we consider spin operator diagram technique for the Heisenberg model with the MDI and the exchange interaction. Spin-wave excitations are determined by poles of the P-matrix -the matrix of the effective Green functions and interaction lines. On the base of this diagram technique dispersion relations of spin waves in a normal magnetized monolayer and in a magnetized structure consisted of two monolayers and the spectrum of spin-wave resonances in a N-layer structure are found (section 3). For thick magnetic films it is more convenient to present the P-matrix-pole equation describing spin-wave excitations in the form of the Landau-Lifshitz equations and the equation for the magnetostatic potential (section 4). Spin excitations are determined by simultaneous solution of these equations. Landau-Lifshitz equations are integral (pseudodifferential) equations, but not differential ones with respect to spatial variables. The reduction of Landau-Lifshitz equations to differential equations with exchange boundary conditions is incorrect and their solutions give dispersion relations differed from dispersion relations calculated on the base of integral (pseudodifferential) Landau-Lifshitz equations. In section 5 we consider spin-wave relaxation in thick and thin magnetic films. In thick films three-spin-wave processes take place and the MDI makes a major contribution to the relaxation of long-wavelength spin waves. Thin films have a region of low relaxation of long-wavelength spin waves. In this case, three-spin-wave processes are forbidden and the exchange interaction makes a major contribution to the relaxation process. Nanosized magnetic films with low relaxation spin waves are applicable to microwave spin wave devices. Tunable narrow-band spin-wave filters with high quality at the microwave frequency range and fieldeffect transistor (FET) structures contained nanosized magnetic films under the gate electrode are proposed in section 6. Spin-wave resonances of nanosized magnetic films can be used to construct FET structures operating in Gigahertz and Terahertz frequency bands.
2 Heisenberg model with magnetic dipole and exchange interactions
Spin operator diagram technique
Let us consider the Heisenberg model with the exchange interaction and the MDI on a crystal lattice [17, 18] . The exchange interaction is short-ranged and the MDI is long-ranged. Operators
′ is the abridged notation of crystal lattice sites. The Hamiltonian of the Heisenberg model is
where H ( H Oz) is the external magnetic field, h µ is the auxiliary infinitesimal magnetic field, µ = −, +, z. It is supposed that the summation in (1) and in the all following relations is performed over all repeating indices µ, ν. The summation is carried out over the crystal lattice sites 1, 1 ′ in the volume V of the ferromagnetic sample. g and µ B are the Landé factor and the Bohr magneton, respectively.
is the interaction between spins, which is the sum of the exchange interaction I µν and the MDI
where Φ( r − r ′ ) is determined by the equation
In the 3-dimensional space Φ( r − r ′ ) = −1/4π| r − r ′ | and the MDI term in the Hamiltonian (1) can be written as
For the following calculations of spin-wave dispersion relations in magnetic films we use more convenient form of the MDI determined by relations (2), (3). Spin excitations, interaction of spin waves, spin wave relaxation and other parameters of excitations in the canonical spin ensemble are determined by the generating functional [14, 29, 28, 18 ]
where β = 1/kT , k is the Boltzmann constant, T is the temperature, h = {h µ i }. Coefficients Q µ 1 ,...,µn are proportional to the temperature Green function without vacuum loops
T is the τ -time ordering operator. Variable τ is added in the auxiliary field h µ in order to take into account T-ordering. . . . denotes averaging of spin operators calculated with exp(−βH)/Sp exp(−βH). The symbol Sp denotes the trace.
The frequency representation of the expansion (4) is more convenient for calculations. The Fourier transforms of Q µ 1 ,...,µn are defined in terms of the Matsubara frequencies ω
The coefficients Q µ 1 ,...,µn can be expanded with respect to the interaction J µν ( 1 − 1 ′ ) (2) [17, 18, 14, 15, 16, 28] . Each term of this expansion is represented by a diagram constructed of propagators, vertices, blocks and interaction lines.
Propagators. Spin propagators
where p 0 = βgµ B H, are determined for the spin ensemble without any interaction between spins. The propagators D ± ( 1, 1 ′ , ω m ) are represented by directed lines in diagrams ( figure 1(a) ). The directions of arrows show the direction of growth of the frequency variable ω m . 2. Vertices. There are five types of vertices ( figure 1(b) ). Vertices a, b are the start and end points of propagators, respectively. In analytical expressions of diagrams the vertex a corresponds with the factor 2 and the vertex b with the factor 1. The vertex c ties three 
where . . . 0 denotes the statistical averaging performed over the states described by the Hamiltonian H (1) without the interaction J µν between spins. figure 1(d) ). The correspondence between the first index µ of the interaction line V ( 1, . . . , n, ω
where 1, . . . , n, ω
mn are the external lattice and frequency variables corresponded to the auxiliary fields h µ i in the expansion (4) . m a is the number of a-vertices in a diagram. L is the number of c and e-vertices. P k is the number of topological equivalent diagrams. 2k is the number of vertices connected with k interaction lines V The first approximation of the diagram expansion (4) is the self-consistent field approximation, in which the effective field acting on spins is derived and the self-consistent field H (c) µ induced by the neighboring spins is taken into account [14, 17, 18] . This leads to the substi-
z in the propagator D − in relation (7) . The self-consistent field is the sum of exchange and magnetic dipole self-consistent fields, H (c)
µ , where
The second approximation of the expansion (4) is the approximation of the effective Green functions and interactions. In this approximation, the poles of the matrix of the effective Green functions and interactions are determined and the dispersion curves are obtained. The next terms in the diagram expansion determine the imaginary and real corrections to the poles of the matrix of the effective Green functions and interactions. The imaginary parts of the poles give the relaxation parameters of spin excitations and the real parts determine the corrections to the dispersion curves. In the next section we consider the approximation of the effective Green functions and interactions.
Effective Green functions and interaction lines
In the framework of this approximation the matrix of the effective Green functions and effective interactions P = P AB ( 1, 1 ′ , ω m ) is introduced [17, 18] . We compose the P-matrix from analytical expressions of connected diagrams with two external sites. These sites are end points of propagators, single vertices d, or end points of interaction lines. Accordingly, multiindices A = (aµ), B = (bν) are the double indices, where µ, ν = {−, +, z} and indices a, b point out that A, B belong to a propagator or to a d-vertex (a, b = 1), or belong to an interaction line (a, b = 2). The zero-order approximation P (0) of the P-matrix is determined by the matrix of the bare interaction
and by the two-site Green functions (5) in the self-consistent-field approximation
µν , given on a crystal lattice site
where
with the propagator (7), in which the substitution
z is performed. The P-matrix is obtained by means of the summation of the P (0) -matrix -the summation of all diagram chains consisted of the bare Green functions G (0) µν and the bare interaction lines V (0) µν (figure 2). These chains of propagators and interaction lines do not have any loop insertion. Analytical expressions of the considered diagrams can be written in accordance with relation (9) . The summation gives equation of the Dyson type, which forms the relationship between P (0) -and P-matrices
The P-matrix consists of the two-site effective Green functions
, where V µν = P (2µ)(2ν) , and intersecting terms P (1µ)(2ν) , P (2µ)(1ν) (figure 2). The effective Green functions, effective interactions and intersecting terms are denoted in diagrams by directed thick lines, empty lines and compositions of the thick line -empty line, respectively. The P-matrix determines the spectrum of quasi-particle excitations in the spin ensemble. Spectrum relations for spin excitations are given by the P-matrix poles -by zero eigenvalues of the operator
Since, zero eigenvalues of the operator E − V (0) G (0) can corresponds to different eigenfunctions and can determine different excitation modes, we introduce the spectral parameter λ for eigenfunctions h
. The spectral parameter λ can be discrete or continuous. Taking into account the above-mentioned, we get the equation describing spin-wave excitations
3 Spin waves in nanosized magnetic films
Spin-wave equations for magnetic films
Let us consider spin waves with the wavevector q in a normal magnetized film consisted of N monolayers at low temperature. x-, y-axes are in the monolayer plane and the z-axis is normal to monolayers. The external magnetic field H is normal to monolayers and is parallel to the z-axis. At low temperature derivatives of the Brillouin function in B
[n] (p) in relation (8) tend to 0 exponentially with decreasing temperature. Thus, it follows that diagrams containing blocks with isolated parts can be dropped, the Green function G +− are taken into account in equation (14) . Indices µ, ν of interactions V (0) µν in equation (14) are {−, +}. We suppose that on monolayers spins are placed on quadratic crystal lattice sites with the lattice constant a and spin orientation is parallel to the z-axis. The exchange interaction acts between neighboring spins and is isotropic between spins in monolayers, 2I −+ = 2I +− = I zz = I 0 , and between neighboring layers, 2I −+ = 2I +− = I zz = I d . Then, the Fourier transform of the exchange interaction with respect to the longitudinal lattice variables 1 xy is 
The MDI part
is determined by the Fourier transform of equation (3) −
with the solution
where S a = a 2 , q = | q|. According to the solution (16), the corresponding MDI part of the interaction line is
Taking into account relations (15) and (17), from equation (14) we obtain equations for spinwave modes with the wavevector q in N-layer magnetic films
where (18) give dispersion relations of spin waves. In next sections we find spin-wave dispersion relations for the cases of monolayer and two-layer films and spin-wave resonance relations for the case of N-layer structures.
Spin waves in magnetic monolayer
Dispersion relations of spin waves in normal magnetized monolayer are determined by the determinant of equations (18) for variables h
+ . Taking into account relations (15) and (17), we find
is the depolarizing magnetic field (10), σ m = gµ B B(p)/S a is the surface magnetic moment density, q = (q 2 x + q 2 y ) 1/2 . As one can see from relation (19) , in monolayer films spin waves have the one-mode character. Figure 3 
Spin waves in two-layer magnetic film
Let us consider spin waves in a normal magnetized structure consisted of two monolayers of the quadratic lattice with the lattice constant a. The distance between layers is equal to d and the exchange interaction between spins of layers is I d . Dispersion relations are determined by eigenvalues of equations (18) for variables h
+ and can be written as
For the first mode spins in different layers change their orientations in-phase. In this case, spin waves of the first mode correspond to spin waves in monolayer (19) . For the second mode spins in different layers change orientations in-anti-phase and the energy of the spin wave with the given longitudinal wavevector q is higher than the energy of the spin wave of the first mode. Dispersion curves of spin waves determined by relations (20) 
Spin-wave resonance in N -layer structure
In this section we consider spin-wave resonance in a structure consisted of N uniform monolayers with the exchange interaction I d between spins of layers and with the distance d between layers. Spin-wave resonance is the limit case of a spin wave, when the longitudinal wavevector q → 0. Therefore, the MDI terms V 
where 
we obtain that the spin-wave resonance spectrum is determined by roots of the polynomial
where n = 0, 1, . . . , N − 1. Taking into account the form of the roots x (n) , we can introduce the transverse wavevector q (n) z = πn/Nd. Then, the spin-wave resonance spectrum can be written as For the first mode (n = 0) spins in different layers change their orientations in-phase. For the highest mode (n = N − 1) spins in different layers change orientations in-anti-phase and the energy of spin-wave resonance is highest. Figure 5 presents the spin-wave resonance spectrum for the structure with N = 40 layers. One can see that at low values of the transverse wavevector the resonance spectrum is proportional to the quadratic dependence on q 4 Landau-Lifshitz equations and spin-wave excitations in thick magnetic films
Linearized Landau-Lifshitz equations
Equations (14), (18) describe spin-wave excitations. Solutions of these equations for magnetic samples of great volumes and for thick N-layer magnetic films with N ≫ 1 become difficult, because determinants of equations (14), (18) have high orders. In order to overcome the difficulty and to find spin-wave spectrum for these samples, we derive Landau-Lifshitz equations [17, 18] . Dispersion relations for spin excitations are determined by the P-matrix poles (12) which coincide with poles of the matrix G of effective propagators. Accordingly, the dispersion relations can be derived from the eigenvalues of equation
is the matrix of bare propagators (11) . Since the considered interaction is the sum of exchange and magnetic dipole interactions, we can obtain the eigenvalues and eigenfunctions of equation (22) by a two-step procedure. In the first stage, we perform the summation of diagrams, taking into account the exchange interaction, and find the propagator
In the second stage, the summation of diagrams with dipole interaction lines is performed. This gives the equation for the matrix G of effective propagators expressed in terms of the matrix G
(1)
Thus, the solution of equation (22), which determines the matrix G, is equivalent to the solution of equations (23), (24) . After the performed two-step summation, equation (14) for eigenfunctions h (λ) µ is written in the more convenient form
The solution of simultaneous equations (23), (25) gives the dispersion relations for spin excitations. These equations can be reduced to linearized Landau-Lifshitz equations in the generalized form and the equation for the magnetostatic potential. In order to perform this transformation one needs to make a transition to the retarded Green functions. We transform matrix equation (23) to equations describing small variations of the magnetic moment density (or the variable magnetization), m ν . The variable magnetization m ν under the action of the magnetic fieldh ν , which is generated by the MDI V (dip) , is given by the retarded Green functions, which are determined by the analytical continued values of the propagator matrix
where V a is the atomic volume. The analytical continuation iω m → ω − iε defines the retarded Green functions.h ρ ( 1, ω) is the field of the magnetic dipole-dipole interaction acting on spins. By multiplying matrix equation (23) by G (0)−1 from the left and byh ρ from the right, performing the analytical continuation iω m → ω − iε, δ(βhω m ) → [βh(ω − iε)] −1 and taking into account relation (26), we get matrix equation (23) in the form of simultaneous equations
For isotropic exchange interaction, 2I −+ = 2I +− = I zz = I, equations (27) have the form
where M( 1) = gµ B B(p)/V a is the magnetic moment density at the low-temperature approximation. We say that the operatorsÊ ± ,Ê z :
are Landau-Lifshitz operators.Ī( q) = 1 I( 1) exp(−i q 1) is the Fourier transform of the exchange interaction with respect to the lattice variables. The field H (m) ( 1) is defined by relation (10) and depends on the magnetic moment density M( 1); V b = (2π) 3 /V a is the volume of the first Brillouin zone. Equations (28), (29) have the generalized form of the Landau-Lifshitz equations [13] . Solutions m ± of equations (28) depend on temperature, because β = 1/kT is contained in the variable p of the function B(p) (8), through which the magnetic moment density M( 1) is expressed. Equation (29) describes longitudinal variations of the variable magnetization under the influence of the fieldh z . At low temperature the derivative of the function B [1] (p) tends to 0 and the longitudinal variable magnetization m z is negligible. From the form of the magnetic dipole interaction in relations (2), (3) it follows that the fieldh ν in relation (26) is magnetostatic, i.e. it is expressed in terms of the magnetostatic potential ϕ:h ν = −∇ ν ϕ. We transform equation (25) to the equation for the magnetostatic potential ϕ( r, ω). Taking into account relation (26) and the explicit form of the magnetic dipole interaction in relations (2), (3), performing the derivation ∇ µ , the analytical continuation iω m → ω − iε and the summation of equation (25) 
Exchange boundary conditions
If the scale of the spatial distribution of the variable magnetization m ν ( 1, ω) and the sample size are much greater than the lattice constant a, then the sum over the lattice variables 1 in Landau-Lifshitz operatorsÊ ± ,Ê z can be converted into an integral over the sample volume V −1 a d 3 r. Let us consider the case when the temperature is low and the Fourier transform of the exchange interaction isĪ( q) =Ī(0) − wq 2 . Then, we obtain that m z → 0 and equation (29) is dropped. The operatorsÊ ± are pseudodifferential operators of order 2 [32] 
where α = wV a /4π(gµ B ) 2 is the exchange interaction constant, V is the volume of the ferromagnetic sample. In [10, 11, 12, 13, 33, 34, 35, 36, 37] the pseudodifferential Landau-Lifshitz operators are reduced to the differential operators with respect to spatial variableŝ
For solvability of equations (28) with differential Landau-Lifshitz operators (32) the exchange boundary conditions are imposed
where n is the inward normal to the boundary ∂V , and ξ is the pinning parameter. This reduction to differential Landau-Lifshitz operators is not correct. Figure 6 presents exact dispersion relations of spin excitations given by eigenvalues of equations (28), (30) with pseudodifferential and differential Landau-Lifshitz operators for the case of a normal magnetized homogeneous film with the thickness D. The dispersion relations of spin waves have the form
where n = 1, 2, 3, . . . is the mode number, q = (q x , q y ) is the two-dimensional longitudinal wavevector of spin waves, q = | q|, energy is greater than energy gaps between modes and a three-spin-wave process takes place. If the exchange interaction is isotropic, it cannot induce three-magnon processes and, therefore, the MDI makes a major contribution to the relaxation. We consider the spin-wave damping in thick films in the one-loop approximation. In thin magnetic films (for example, in nanosized films) the energy of long-wavelength spin waves is less than energy gaps between modes and three-spin-wave processes are forbidden. In this case, four-spin-wave processes take place, the exchange interaction makes a major contribution to the relaxation, and the spin-wave damping has lower values in comparison with the damping in thick films. We calculate the spin-wave relaxation for four-spin-wave processes in thin films for long-wavelength spin waves in the twoloop approximation.
Spin-wave relaxation in thick films
The spin-wave relaxation induced by a three-spin-wave process in normal magnetized homogeneous ferromagnetic films is considered in [17, 18] in the one-loop approximation for spin waves with small longitudinal wavevectors at low temperature. The relaxation is determined by selfenergy diagram insertions Σ (1+)(1−) to the P-matrix given by relation (12) (figure 7) . Damping of the j-mode excitation is defined by the imaginary part of the pole of the effective Green functions G −+ = P (1−)(1+) with insertions Σ (1+)(1−) under the analytical continuation (13) Figure 7: Self-energy diagrams in the one-loop approximation at low temperature. B is determined by relation (8) .
whereP
0 . is the Fourier transform of the exchange interaction,
is the block factor in the representation of the functions (34),
0 , σ k = ±1; σ 1 ,σ 2 ,σ 3 denotes the summation over all sets {σ 1 , σ 2 , σ 3 }. The spin-wave frequency ω (j) and the transverse wavevector q (j) z are determined by relations (33) and (35), respectively. The damping ∆ (j) increases directly proportionally to the temperature. Relation (37) describes relaxation of the spin-wave j-mode caused by inelastic scattering on thermal excited spin wave modes. Relaxation occurs through the confluence of the j-mode with the k-mode to form the i-mode. From the explicit form of the block factor N in relation (37) it follows that the confluence processes take place when the sum of mode numbers j +i+k is equal to an odd number. The confluence processes are induced by the MDI and are accompanied by transitions between thermal excited i-and k-modes. Transitions take place when equation 
has at least one solution q (s) for the given q, i, j,k. Existence of solutions q (s) of equation (38) depends on the thickness of the magnetic film. With decreasing film thickness D, the density of dispersion curves of modes on the plane (ω, q) decreases and the frequency of the spacings between curves increase. The least frequency spacing occurs between the first (i = 1) and the third (k = 3) modes. Figure 8 shows the damping ∆ (1) of the first spin wave mode versus the longitudinal wave vector q normalized by the film thickness D at different film thicknesses. Calculations have been done for a YIG film with the magnetization 4πM = 1750 Oe and the exchange interaction constant α = 3.2·10 −12 cm 2 at H = 3000 Oe and T = 300 K. One can see that for the YIG film with the thickness D = 120 nm in the region qD < 0.14 the damping ∆ (1) is equal to 0 due to the absence of transitions between modes. Thus, in thin magnetic films a low spin-wave relaxation region takes place. For the given j-mode this region appears, when the excitation frequency ω (j) ( q) is less than the difference
at any values of the wavevector q (s) . For the first mode ω (1) in the YIG film the low spin-wave relaxation region is shown in figure 9 at q → 0. If the film thickness
) and the first mode has low values of the spin wave damping ∆ (1) .
Relaxation in thin magnetic films
What is the value of spin wave damping in the low relaxation region in thin magnetic films?
We consider four-spin-wave processes in the normal magnetized monolayer of the quadratic lattice with the lattice constant a at small longitudinal wavevector values q = (q x , q y ) at low temperature. As isotropy of the exchange interaction can not forbid four-spin-wave processes and the value of the exchange interaction much greater than the MDI, only the exchange interaction will be taken into account in diagrams. We suppose that the exchange interaction acts between neighboring spins and is equal to I 0 . In order to calculate self-energy diagram insertions to the effective Green functions in the two-loop approximation, we use the ladder expansion ( figure 10 ). At small values of wavevectors the bare Γ 0 -vertex (figure 10a) is The Γ-vertex in the ladder approximation (figure 10b) is determined by the relationship
is the effective Green function determined by the P-matrix (12), ω( q) is the frequency of spin excitations in monolayer (19) , S b is the volume of the 2-dimensional first Brillouin zone. The coefficient 1/8B
2 (p) is due to the fact that the substitution of the bare Green function to effective ones in diagrams are performed inside blocks. The self-energy diagram insertion (figure 10c) is given by
The damping of spin wave excitations is expressed by the imaginary part of the self-energy Π( q, ω
Taking into account the self-energy Π( q, ω (40), athω( q) < kT we obtain
where C = 1.12, k is the Boltzmann constant, ε (0) =hγ(H + H (m) ) is the Zeeman energy. In order to evaluate the damping of spin waves, we calculate ∆( q) for spin waves with the wavelength λ = 5 µm propagating in the monolayer film with the lattice constant a = 0.4 nm and with the exchange interaction between neighboring spins I 0 = 0.085 eV, B(p) = 1/2 at T = 300 K. Then, taking into account that q = 2π/λ, for ε (0) /h = 10 GHz we obtain ∆( q) = 4.28·10 −6 . Thus, one can see that the damping of spin waves of small wavevectors is low.
6 Spin-wave devices on the base of nanosized magnetic films According to the above-mentioned, spin excitations in nanosized films have low damping. This property can be used in spin-wave devices. We consider spin-wave filters on the base of nanosized magnetic films and field-effect transistors with magnetic films under the gate contact.
Spin-wave filters
Using thin magnetic films, we can construct spin-wave devices of small sizes and can integrate them to semiconductor chips. Figure 11a presents tunable spin-wave filter on a piezoelectric substrate. Microwave frequency current flowing in the microstrip antenna of the width w generates spin waves in the magnetic film. Wavevector of spin waves is determined by the antenna width and is in the range [0, 2π/w]. When spin waves come up to the second antenna, the magnetic field of spin waves induces a current of the same frequency in this antenna. The waveguide impedance of the filter depends on the antenna width, the width of microstrips, the dielectric constant of the film, and the thickness of the film between microstrips and the upper metal contact on the piezoelectric substrate. In order to remove a lattice mismatch and to reach desirable impedance, buffer layers between the magnetic film and the metal contact can be used. Tunability of the filter is provided by lattice variations of the piezoelectric substrate. The applied voltage U varies the lattice constant of the substrate and, as a result of this variation, varies the lattice constant of the magnetic film. Compression and expansion of the lattice lead to the stress anisotropy H (a) in the magnetic film [38] . In this case, we must substitute H → H + H (a) in the spin propagators (7), in the Green functions (11) , in the frequency Ω( q) in (19) , (20) , and in the Landau-Lifshitz equations (28), (29) . The frequency ω of spin waves is varied.
Narrow-band filters can be constructed on the base of periodic antennae (Figure 11b ). These antenna structure generate spin waves with the wavevector q = 2π/l, where l is the period of the generating antenna. Filters with periodic antenna structures have more selectivity in comparison with filters with single antennae. The bandwidth of the filter is given by
where ω(q) is dispersion relation (19) , (20) , or (33), q 0 = 2π/l, N 1 , N 2 are numbers of periods of generating and receiving antennae, respectively. Thin magnetic film used in the abovementioned filters must be dielectric and can be garnet, spinel or hexaferrite films. These films can be produced by the laser deposition method or by ion-beam sputtering with following annealing. In [39] band pass spin-wave filters at 5 − 7 GHz have been fabricated on the base of submicron thick YIG films produced by the laser deposition on Gd 3 Ga 5 O 12 substrates. In the case, when spin-wave filters are integrated on semiconductor chips, the semiconductor must endure the annealing procedure without any changes for the worse in the semiconductor structure. For this purpose, Si and GaN can be used.
Field-effect transistors with nanosized magnetic films
As we can see from relations (20) , (21) and from figures 4, 5, spin-wave resonance peaks in thin magnetic films have high frequencies and low numbers. For the exchange interaction between layers I d = 0.05-0.1 eV (garnet films, lithium ferrospinel and hexaferrite films [38, 40] ) spin-wave resonance frequencies are in Gigahertz and Terahertz frequency bands. Distance between spinwave resonance peaks is greater in thin films than in thick ones. Since in thin films spin-wave resonances (21) at the given high frequency have lower numbers n and have lower numbers of half-periods of waves on film thickness in comparison with resonances at the same frequency in thick magnetic films, high-frequency resonances in thin films can be exited more easily. This can be used in field-effect transistor (FET) structures. In figure 12 thin dielectric magnetic film is placed under the gate electrode. Applied voltage of the microwave frequency on the gate generates electromagnetic field, which induces spin-wave resonances. In order to increase the magnetic component of the electromagnetic field and to enhance amplitude of resonances, multiferroic layer can be placed between the gate and the magnetic film. The magnetic field of the induced spin-wave resonances interacts with spins of electrons propagating in the channel and modulates the current of the transistor. Consequently, existence of spin-wave resonances in the gate circuit can be regarded as a filter. Choosing the certain spin-wave resonance peak, we can construct FET structure operating in a desirable range of Gigahertz and Terahertz frequency bands.
Conclusions
The results of the investigations can be summarized as follows.
(1) We have studied spin excitations in nanosized magnetic films in the Heisenberg model with magnetic dipole and exchange interactions by the spin operator diagram technique. Dispersion relations of spin waves in two-dimensional magnetic monolayers and in two-layer magnetic films and the spin-wave resonance spectrum in N-layer structures are found. (2) Generalized Landau-Lifshitz equations for thick magnetic films which are derived from first principles, have the integral (pseudodifferential) form, but not differential one with respect to spatial variables. Spin excitations are determined by simultaneous solution of the LandauLifshitz equations and the equation for the magnetostatic potential. The use of exchange boundary conditions for solvability of the Landau-Lifshitz equations is incorrect. (3) The magnetic dipole interaction makes a major contribution to the relaxation of longwavelength spin waves in thick magnetic films. The spin-wave damping is determined by diagrams in the one-loop approximation, which correspond to three-spin-wave processes. The three-spin-wave processes are accompanied by transitions between thermal excited spin-wave modes. The damping increases directly proportionally to the temperature. (4) Thin films have a region of low relaxation of long-wavelength spin waves. In thin magnetic films the energy of these waves is less than energy gaps between spin-wave modes, therefore, three-spin-wave processes are forbidden, four-spin-wave processes take place and, as a result of this, the exchange interaction makes a major contribution to the relaxation. It is found that the damping of spin waves propagating in a magnetic monolayer has the form of the quadratic dependence on the temperature and is very low for spin waves with small wavevectors. (5) Nanosized magnetic films can be used in spin-wave devices. Low damping of long-wavelength spin waves gives us opportunity to construct tunable narrow-band spin-wave filters with high quality at the microwave frequency range. Spin-wave resonances of nanosized magnetic films under gate electrodes in field-effect transistor (FET) structures can be used to construct FET structures operating in Gigahertz and Terahertz frequency bands.
